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Results of Trensonlc Wind Tunnel Investigations to Determine the Effects

of Nozzle feomeiry and Jet Plure on the Aerodynamics of a Body of Revolution.

By: James H. Henderson

ABSTRACT

A transonic wind tunnel test was conducted by the Aray #Missile Command,
Redstone Arsenal, on a base drag resear~h missile model in the Cornell Aero-

nasutical laboratory (CAL) &-Foot Transonic Wind Tunnel during June 1972.

The test was conducted to investigete the cffects of nozzle geometry on
Jet plume characteristics at high thrust levels and to study the effects of
nozzle geometry on bsse pressure at low thrust levels. Model external and
nozzle internal static pressure measurements were made on several nozzles,

while base pressure measurements were obtained on all nozzles.

The investigations were conducted at Mach numbers from .70 tc 1.20 cver

an angle of attack rangs from -6 to +6 degrees.

This report presents detaeils of the test program, an outline of the test

procedures and the results of the investigations in plotted form.

111

—



et o, o - O PR

g D T e

P

N s
.\ ¥

TABLE OF CONTENTS

PAGE
NUMBER
ABSTRACT 111
INDEX OF FIGURES AND TABLES 2
NOMENCLATURE
INTROPUCTION "
CONFIGURATIONS INVESTIGATED 5
TEST CONDITIONS 7
DATA REDUCTION AND ACCURACY 9
REFERENCES i1
PLOTTED DATA 2o

ey

g a



ot - v eme— e T

-

INGEX OF PLAES

FIGURES TITLE

o e e R v

[

Installstion Drawing, Bsse Drmg Research

Miesile Model

o

Model Photograph Base Dresg Reseerch Miselle Model

3 Detzils Comical Kozzles Base Drag Renearch Missile
Model

k Detalls Contoured Nozzles Base Drag Research Missile
Model

5 Details Shrouded Mozzles With Tnserte Base Drag

Resesrch Missile Model

INDEX OF TABLES

TABLE TITLE
I Pressure Dete Collation Sheet
II Dats Plot Presentation Sumary

PAGL
NUMBER

. p—————

14

15
19

cl

PACE
NUMBER

Erae———

13

A e e M 2 B Eo T Al B AT - . S T8t St




-

SYMBOL,

C

6

SADSAC
SIMBOL

cT

DB or D
DIA-J

MACR-J

3 3 3

THETAJ

he %

NOMFNCLATURE

DEFINTTION

Nozziv thrust coefficient

Nozzle throat diameter - inches
Shroud internal dlameter = 2 inches
Modzl body diameter = 2,50 inches

Nozzle exit diameter - inches

Nozzle length - inches

Nominal free stream Mach number

Nozzle exlt Mach number

Loceal static pressure - psf

Freestream stautic presggure - psf

Bage statlc preesure - psf

Nozzle chamber total pressure - psi

Face statlc oressure - pef

Static to totel pressure ratio at the nozzle exit

(L + o) =3+5
J
Tunnel total pressurs - psf

Sonic throat radius of carvature in the axisl
direction - inches

Axiel dimension, measured from nozzle throst - inches

Radial dimension, measured from nozzle centerline -
inches

Distance of pressure orifice forward of moael base -
inches

Model angle of attack - degrees, positive nose up
Nozzle exit angle - degrees
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INTRODUCTION

During the paet few ysars, the Army Missile Commend hes been interested
in the various effecte of the propulsive jet ou wissile aerodynemics., These
effects include the detrimental effezis due to jet plumes st high levels of
thruet, high levels of drag on the missile sfterbody due to low snd moderate
thrust level i2ts, and the effects of varlous jet parsmeters on prediction
of optimun afterbody shape for lmproved drag end stability characteristics.
Past trensonic tests (reference 1 and 2) at Cornell Aeronsutical Iaborstory
(CAL) end supersonic test (reference 3) have indicated that sdverse plv .-
effects could be alleviated by changes in nozzle grcmetry. For example
lengthening the divergent portion of the nozzle delays the onset cf adverse
effects to higher levels of thrust (reference 4). &ince increasing nozzle
length results in increased miseile welght and length, tradecffs sre neces-
sary to arrive at the proper deslign, The primary purpose of the present
test is to investigate effects of nozzle geometry on Jet plume cherscteristics.
A secondary purnose 1s to investigate nozzle geometry effects on base pressure

at low levels of thrust where base drag is important.
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CONFIGUPATICNG TNVESTIGATED

The basic strut-mounted model utilized for these tests consists of a
body of revolution, 2.5 inches in dismeter and 32.5 inches in length heving
a 4-caliber tangant oglve nose and a cylindrical afterbody. Cold dry air,
is supplied to the nozzle through & hcollew swept strut which also houses
the instrumentation lines end supporta the model to the standard sting sup-
port system of the CAL facility. A drawling of the model installed in the
turmel is given in Figure 1. Flgure 2 shows close up photogrephs of szveral

configurations tested.

Nozzie configurations investigated included five conicul shapez, four

contoured shapes and three shrouded nozrles.

Fach conlcal nozzle had an exit Mach number of 2.7, The Jet exit to
ouse diameter ratio (Dj/Dp) varied between 0.60 ond 0.95. Nozzle gecmetry
and static base pressure orifice locaiions are surmarized in Flgure 5. No

nezzle internal static pressures were measured for the conical shapes.

Geometry and pressure instrumentation details for the contoured nozzles
are presented in Figure 4, ‘he (-1) nozzle, which is 4.803 inches lomg, 18
designed to have uniform exit flow with an exit Mach number of 3.0. Nozzles
(-2) and (-3) have the same geometry ae nozzle (-1) but have been cut off to
lengths of 3.8 inches and 2.6 inches, respectively. Their exit Mact numbers
are 2.9 and 2.7, respectively., Nezzle (-h) is d=..gned es 8 uniform exit flow
nozsle with un exit Mach number of 2. having the same thuoat gecmetry as <the
{irst three nozzles. Internal static rregsures are measured on nozzles (-1),

{-2), aad (-3) only.
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ha shreoud oonf. etion congists of 2 cyiladricnl chamber into whiclh
inverchengeshle nozzles axhaust. The ohaaber s 1.5 Irches deep and hac
e dometer of 2.0 inches, The xit plan-s of bhe {n.eried noctlee are 1.0
inches from the wodel base (£lush with the forward vall of ide clsaber),
The shroud may be vanted t¢ free atoeam by four 0,14 diageter holeos through
the shrowd wall., Inveatigetions were conducted with the shroud in both

vented and unvented configuraticns, Two soric nozzles and i supersonic

nozzle were tested with the shreud. Shroud gedmetry, nozzlie ansert geometey,

snd dbuse and internal orifice locatiens sre shgwn in ¥Mare 5.
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TFST CONDITICNS

The test consisted of 71 runs <ring which the moavl Dienum pressure
or the angle of atiack was varied vwhl!la tnr free-stream test conditicns
were held constant at varicus Mach numbera., The tunnel was operated with
a constant npass of air in the circuit corresponding to a wird-off total
pressure of .25 atmospheres., One series ¢f runs wag conducted at con-
ditions corresponding to a wind-off total pressure of .70 sutmospheres.
Due tc thz reduced eff’ciency of the tunnel evacuetion puups at the low
density at vaich the tunnel was operated, the lsrge spounts of air which
were at times injected into the tunnel circult through the nozzle could
not aiways be pumped out fast enough, resul.ing in sisht variations of
the test conditions taroughout & run, A detsiled run zchedule is prozanted

in Teble T.

The tunnel facility 4 and 15 pounds per second aix supply systems,
which deliver ccld dry air, were used consecutively in order to cbiain the
required renge of model plenum pressures during s run, A leak was found io
tne 4 pounds per second system after Run 6, resulting in the use of thae 1

and 15 pounds per second systems for the remainder of the teat,

The model wag supported by a hollow asweps atrut, throveh whick the nozzie
alr was supplled, end which also housed the instrumentetion lines. The atrut
in turn was mounted in the standard sting support system. A model installa-

tion drewing 16 chown in Figure 1.
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Each nozzle alsc contained 10 external surfece static pressure orifices
1n addition to the internal surface ststi: and base pressure orifices. One
totel and two s’atic pressure arifices were installed in the model plenum
chsaber,

The externsl rozzle surface and base static pressures vere messured by
tvo 12.5 psi pressure transducers ln two Scenivalves mounted on the model
support strut. The nozzle internal surfece static pressure orifices were
measured bty four 50C and six 10CC psi pressure transducers, The pressures

the model plemum chamber were measured using two 1500 psl and one 2000 pei
pressure transducers.

The welght flow through the high pressure air asupply systems was measured
using ASME standard crifice pletes {Reference 5)., The static pressures up-
stresm of the orifice plates were measured with 2500 psi pressure transducers
and the differential pressures acrosc the orifices with 200 or 250 psi pres-
sure trensducers,

The temperatures upstream of the orifice plstes and in the model plenum
vere measured with five iron-constanten thermocouples.

The model angles of attack were set using electrolytic potentiometers,
Angles of attack were monitored at sll timee using the sngle of attack digital
voltmeter (Reference 6).

The various pressure transducers used during this program were calibrated
prior to teeting by applying static loada as discussed in Reference 7. Tae
elactralytic hubbles and the angle of attack digital volimeter were calibrated
with a preciesion inclinometer during the imstallation of the model in the test
sgection,

A complete description of the Cornell Aeronauticsl Leboratory 8«Foot

Transonic Wird Tunnel is contained in Reference 8.

LTI ékﬁ
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DATA REDUCTION AND ACCURACY

No corrections of any type have been applied to tae data contained in
this report te account for wind tunnel wall effecte. It has been found that
within the accuracy required, theorctically determined wall interference
corrections do not have to be applied in the perforated test section of the
CAL 8-Foot Transonic Wind Tunnel, 1f the blockage produced by the medel does

not exceed a maximum of 1 percent.

Above a Mach number of 1, the perforasted walls are effective in attenu-
ating shock and expansion waves emanating from the model, thus reducing the
effect of reflections from the walls, Although complete attenuation is not
obtained, experience has indlcated that ir general the effect of residusl
reflections is negligible on s model of this size. Some experimental substan-

tiation for this belief is presented in Reference 9.

It is estimated that the mcdel angle of attack was measured

with an accuracy of +.05 degrees.

The pressure transducers in the Scanivalves were calibrated to an accu-
racy of *+2 pounds per square foot. The pressure transducers measuring dif-
ferential pressures from the metering orific.s and the pressures from orifices
2l through 27 were calibrated to an accuracy of .08 pounds per square inch.
The transducers measuring the pressures from orifices 28 through 33 were cali-
brated to an accuracy of .4 pounds per square inch, while thc transducers
measuring the plenum chamber pressures and the high pressure nir supply oyatom
line pressures were callbrated to accuracies of 1.25 and 2 pounds per square

inch, respectively.
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Repeat points were not obtained during the test making an estimate of
the data repeatability impossible.

The nozzle Jet thrust coefficient was calculated by the following
equations:

{Contoured and conical nozzles)
cp = [(Dy/05)°) [(BTC) (p/po)(1 )14 3 + 1) ~ (1))/ (7))

(Shrouded nozzles)

' .-(DA)Q - (Dﬂi (pf/Pm) - (H
CT = CT R LS
l (pp)° (-7)(Ma)

(P2l + pos + pog + Poy)
(8)

where P, = average nozzle face pressure =

f 10
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